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We investigate the relevant spectroscopic properties of the 795 nm 3H6↔3H4 transition in 1%
Tm3+:Y3Ga5O12 at temperatures as low as 1.2 K for optical quantum memories based on persistent
spectral tailoring of narrow absorption features. Our measurements reveal that this transition has
uniform coherence properties over a 56 GHz bandwidth, and a simple hyperfine structure split by
±44 MHz/T with lifetimes of up to hours. Furthermore, we find a 3F4 population lifetime of 64 ms
– one of the longest lifetimes observed for an electronic level in a solid – and an exceptionally long
coherence lifetime of 490 µs – the longest ever observed for optical transitions of Tm3+ ions in a
crystal. Our results suggest that this material allows realizing broadband quantum memories that
enable spectrally multiplexed quantum repeaters.
PACS numbers: 03.67.Hk, 32.80.Qk, 42.50.Md, 78.47.-p
Optical quantum memories relying on reversible map-
ping of quantum states between photons and matter con-
stitute key ingredients for long-distance quantum com-
munication via quantum repeaters [1, 2]. Many ap-
proaches to quantum memory are being pursued [2, 3];
here we focus on quantum state storage based on atomic
frequency combs (AFCs) [4] and spectral multiplexing [5]
as this approach offers a clear, and possibly the simplest,
path towards meeting the stringent demands for quan-
tum repeaters. For the repeater architecture proposed by
Sinclair et al. [5], these demands are storage times mea-
sured in hundreds of microseconds, simultaneous storage
of around 1000 photons, feed-forward-based retrieval of
a particular photon in a predefined mode, storage effi-
ciency and fidelity approaching unity, and a bandwidth
per spectral channel on the order of 100 MHz to GHz.
Rare-earth-ion doped (RE) crystals cooled to cryo-
genic temperatures are promising candidates for cre-
ating spectrally multiplexed AFC quantum memories
due to their favorable properties [6]. These proper-
ties include optical coherence lifetimes exceeding mil-
liseconds and second-long spin coherence lifetimes, ei-
ther of which allows achieving the necessary storage time.
These systems also offer hour-long population lifetimes
in auxiliary states needed to create the required AFCs
through frequency-selective persistent spectral hole burn-
ing. Furthermore, inhomogeneously broadened absorp-
tion linewidths of hundreds of GHz and hyperfine split-
tings of up to GHz promise the generation of the appro-
priate number of spectrally-multiplexed memory chan-
nels. Finally, the use of a solid-state material facilitates
incorporation into impedance matched cavities and al-
lows integration with optical waveguides [7, 8]. Despite
these promising attributes and accelerated experimental
progress [3, 5, 7, 9–16], no RE material (or any other
system) has yet allowed constructing optical quantum
memories suitable for use in a quantum repeater.
Here we introduce a promising new RE quantum mem-
ory material Tm3+:Y3Ga5O12 (Tm:YGG) and report
properties of the inhomogeneously broadened 3H6↔3H4
transition at 795 nm for temperatures as low as 1.2 K.
Very little has been previously reported on either the
spectral hole burning or coherence properties of this ma-
terial; however, promising initial measurements of 1/e
coherence lifetimes as long as 410 µs [17, 18] motived the
detailed studies relevant for spectrally multiplexed AFC-
based quantum memories that are presented here. Us-
ing photon echo and spectral hole burning measurements
[19], we find uniform coherence properties over the entire
56 GHz inhomogeneous linewidth, as well as suitable ex-
cited and hyperfine level structure and lifetimes. This
suggests that, in conjunction with impedance-matched
cavities [20, 21], Tm:YGG is the first, or, at least, the
first Tm3+-doped, material that satisfies all properties
required for the AFC-based spectrally multiplexed quan-
tum repeater proposed in Ref. [5]. Furthermore, we
note that our results are applicable to other memory ap-
proaches based on persistent spectral tailoring [6].
Experimental methods– Measurements are carried out
on an optically transparent, 1 cm long single crystal of
1%Tm:YGG grown by Scientific Materials Corp. (Boze-
man, MT) with the laser propagating along a <110> di-
rection, and the applied magnetic field and linear optical
polarization both set parallel to an orthogonal <111>
axis. Our sample is cooled either by immersion in su-
perfluid liquid helium or by a constant flow of helium
exchange gas within a cryostat. Magnetic fields of up
to 500 G are applied using a Helmholtz coil, while a
field of 0.64 T is generated by mounting the crystal be-
tween a pair of NdFeB block magnets. A continuous-
wave Ti:Sapphire ring laser with a linewidth of ∼100
kHz and output power of typically 425 mW is used as
the light source with the frequency monitored using a
wavemeter. A pair of acousto-optic modulators (AOMs)
are used in series to generate pulses for echo and hole
burning measurements. Spectral holes are burned and
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2probed by ramping the laser frequency using a double-
passed AOM driven by a voltage-controlled oscillator. A
fourth AOM is placed before the detector to block ex-
citation pulses and selectively pass emitted echo signals
or spectral hole scans. The maximum laser power at the
sample is typically 100 mW for echo measurements and
<1 mW for hole burning. Optical transmission is de-
tected using an amplified Si photodiode for hole burning
or a photomultiplier for photon echoes. For two-pulse
echo measurements, we employ pulse lengths of 200 ns
for both pulses. See Ref. [19] for a further description of
hole burning and photon echo measurement techniques.
Results– In the first experiment, we probe the entire
absorption line of the 3H6↔3H4 inhomogeneously broad-
ened transition. Efficient multimode AFC memories re-
quire the optical transition to possess bandwidths that
can accommodate interfacing with spectrally-multiplexed
photon pairs. The time-bandwidth product BTmem,
where B is the single-channel AFC bandwidth and Tmem
is the storage time, defines the maximum number of tem-
poral modes accommodated by a single-channel AFC
[4], while Γinh/B, where Γinh is the inhomogeneous
linewidth, approximately defines the maximum number
of spectral modes accommodated [5]. From spectral hole
burning measurements and photon echo excitation mea-
surements [22] carried out across the inhomogeneous line,
we measured a transition wavelength of 795.325 nm (vac-
uum), a full-width-half-maximum (FWHM) bandwidth
of 56 GHz, and a peak absorption of 0.41 cm−1. Ad-
ditionally, we find uniform optical coherence properties
over the inhomogeneous bandwidth, which allows its full
use for spectral multiplexing. The 56 GHz bandwidth is
larger than that observed in most high-quality RE-doped
crystals [17–19]. When employing a spectrally multimode
AFC structure with single-channel width and a channel
spacing of 100 MHz, Tm:YGG offers simultaneous stor-
age of up to 280 spectral modes (we discuss later how
to further increase this number). Furthermore, consoli-
dating a Tm:YGG crystal into a monolithic impedance-
matched cavity [7, 20, 21] allows, in principle, increasing
the memory efficiency arbitrarily close to unity.
In the second experiment, we perform time-resolved
transient hole burning measurements to determine the
3H4 excited-state lifetime and the
3F4 metastable ‘bot-
tleneck’ lifetime. Provided an AFC can be tailored by
optical excitation and subsequent relaxation of ions into
a shelving level with lifetime Ts, the ratio Ts/T1, where
T1 is the
3H4 lifetime, must be much greater than unity to
achieve high-fidelity storage [13, 23]. An example spec-
tral hole decay curve is plotted in Fig. 1, where we ob-
serve a double-exponential decay due to relaxation from
the excited state and subsequent relaxation from the bot-
tleneck level. This behavior is described by the relation
∆α(t) = ∆α(0)[e−t/T1 + βTB2(TB−T1) (e
−t/TB−e−t/T1)]. (1)
The time-dependent hole depth ∆α(t) decreases from its
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FIG. 1: Transient spectral hole decay. Hole burning mea-
surements at 10 K reveal a 3H4 lifetime of 1.3 ms and an
exceptionally long 3F4 lifetime of 64 ms. A relatively large
probability β=0.65 of decay to the 3F4 bottleneck level is
measured. Inset: Simplified energy level diagram showing
measured excited-state lifetimes, branching ratio, and transi-
tion wavelengths.
initial value of ∆α(0) due to relaxation from the 3H4 state
with lifetime T1, where a fraction (1−β) of the population
relaxes directly to the 3H6 ground state and the other β
fraction of the population relaxes to the bottleneck level,
which then decays with a lifetime TB . The fit of the data
using Eq. 1 is shown by the solid line in Fig. 1, indicating
values of T1 = 1.3 ms, β = 65%, and TB = 64 ms. The
lifetime of the 3F4 level is surprisingly long, and is one of
the longest observed in solid state materials, particularly
for RE ions at a crystallographic site without inversion
symmetry. These results suggest a unique opportunity
for AFC implementation where the high branching ratio
and exceptionally long 3F4 lifetime leads to the possibil-
ity of using an excited electronic level as a population
reservoir for spectral tailoring (i.e. TB ≡ Ts).
In a third experiment, we examine the structure of
persistent spectral holes burned with an applied mag-
netic field to investigate the 169Tm3+ hyperfine states
of the lowest energy 3H6 and
3H4 levels [19]. Persis-
tent spectral hole burning allows the maximum poten-
tial storage bandwidth of a single-channel AFC to be
determined and also identifies any impact of atomic sub-
structure on AFC quality (which, in turn, affects the stor-
age efficiency) [6, 10, 13]. For D2 point symmetry of the
Tm3+ site, the principle axes of the nuclear hyperfine
interaction are oriented along the <001>, <110>, and
<1-10> sets of directions in the crystal lattice, result-
ing in six subgroups of magnetically inequivalent Tm3+
ions in the lattice that have different local orientations.
3By specific choice of magnetic field and optical polariza-
tion directions, different subgroups of ions can be selec-
tively probed and some subgroups can be made equiv-
alent, significantly simplifying the material properties.
In particular, when both the magnetic field and polar-
ization are parallel to a <111> direction, the optical
field only interacts with half the Tm3+ ions, all of which
have the same hyperfine structure and optical Rabi fre-
quency [24]. For equivalent Tm3+ ions in the lattice, each
hole created in the spectrum can also result in one addi-
tional pair of sideholes and up to three pairs of antiholes
due to optical transitions and population redistribution
among the 169Tm3+ nuclear hyperfine states. The depth
of the sideholes and antiholes depends on the measure-
ment timescale and the relative transition probabilities
between hyperfine states of the 3H6 and
3H4 levels. How-
ever, if strong selection rules prevent optical transitions
involving a change in the 169Tm nuclear spin state, the
spectral hole structure is simplified so that only a sin-
gle pair of antiholes appear, maximizing the bandwidth
available for a single AFC channel prepared by optically
pumping ions into the hyperfine states. A sample hole
spectrum for a magnetic field of 0.64 T is shown in the in-
set of Fig. 2. The spectrum displays only a single pair of
antiholes with a shift of ±44 MHz/T relative to the main
hole – we observe no sideholes in either the persistent or
transient hole burning measurements. We note that the
relatively broad, laser-limited spectral hole width may
obscure sideholes with small frequency shifts. Further
measurements with a narrow-bandwidth laser or larger
magnetic fields to probe any structure hidden within the
main hole are required. However, we do not observe hy-
perfine modulation [19] in any of our photon echo decay
measurements, further indicating a low probability for
transitions involving a 169Tm nuclear spin flip.
We also measure lifetimes of the 169Tm nuclear spin
states by observing the time-resolved persistent spectral
hole area, as shown in Fig. 2, for a temperature of 2.0 K
and a field of 272 G. While we would expect a single decay
rate for these conditions, the observed decay is described
by a double-exponential:
∆α(t) = ∆αae
− tτa + ∆αbe
− tτb , (2)
where τa and τb are two different hole lifetimes and ∆αa
and ∆αb are the relative amplitudes of the two popula-
tion components present in the hole decay. A fit using
Eq. 2 is shown by the solid line, giving lifetimes of 4.0
seconds and 25 seconds, respectively. The two compo-
nents of the decay have nearly equal amplitudes with a
ratio of 0.93, suggesting the presence of two subgroups of
Tm3+ in the lattice with identical optical properties but
different nuclear spin relaxation times. Further studies
are required to explore the nature of these two compo-
nents and determine if they arise from perturbations of
the local D2 site symmetry, for example. At a much
higher magnetic field of 0.64 T, the hole decays are well
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FIG. 2: Persistent spectral hole decay measured at 2.0
K for a field of 272 G. A double exponential decay is ob-
served at low fields, possibly from two inequivalent subgroups
of Tm3+ ions. Inset: Measured persistent hole spectrum
with an applied field of 503 G. A single pair of antiholes ap-
pear with a splitting of ±44 MHz/T.
described by a single exponential. Measurements over
timescales of 20 minutes yield an extrapolated lifetime of
6 hours. These lifetimes, in conjunction with the simple
antihole structure, offer the possibility of tailoring AFCs
with bandwidth B = 100 MHz under practical magnetic
field strengths of a few Tesla [6, 10, 13]. Although the
hyperfine splitting is an order of magnitude smaller than
that in Tm3+:LiNbO3 [8, 22, 25, 26], the AFC bandwidth
in Tm:YGG with more than 1 T applied is similar to that
offered in other materials with long coherence lifetimes
such as Eu3+:Y2SiO5 [27].
Finally, using two-pulse photon echo decay measure-
ments, we probe the coherence lifetime, T2, of the optical
transition [19], which bounds the maximum storage time
for high-efficiency recall [4, 6]. For this measurement, the
laser is attenuated to minimize excitation-induced broad-
ening caused by instantaneous spectral diffusion (ISD)
[28], the temperature is reduced to 1.2 K, and the mag-
netic field strength is increased to 454 G to inhibit spec-
tral diffusion from nuclear spin flips or paramagnetic im-
purities. The photon echo decay under these conditions
is plotted in Fig. 3. To fit the non-exponential decay, we
use the Mims expression
I(t12) = I0e
−2( 2t12T2 )
x
, (3)
where t12 is the delay between the two excitation pulses,
I0 is the initial echo intensity at t12 = 0, T2 is the time at
which the echo intensity decays to I0/e
2, and x is an em-
pirical parameter that describes the decay shape [29]. We
find a coherence lifetime T2 of 490 µs – the longest ever
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FIG. 3: Two-pulse photon echo decays. Measurements
at 1.2 K and 454 G yield a coherence lifetime of 490 µs for
1%Tm:YGG (circles). For comparison, echo decays are shown
for Tm:YAG (squares) [17] and Tm:LN (triangles) [25] at sim-
ilar temperatures and fields.
observed for optical transitions of Tm3+ ions in a solid
[17, 18]. For comparison, the longest reported echo de-
cays for the widely used materials 0.1% Tm3+:Y3Al5O12
(Tm:YAG) [17] and 0.1%Tm3+:LiNbO3 (Tm:LN) [25] at
similar temperatures (< 2 K) and applied field strengths
(> 200 G) are also shown in Fig. 3, illustrating the signif-
icantly longer coherence lifetime provided by Tm:YGG.
Note as well Pr3+:Y2SiO5 and Eu
3+:Y2SiO5, other rare-
earth-ion doped crystals that are currently being inves-
tigated for quantum state storage [15, 16, 27], which
offer comparably long optical coherence lifetimes up to
374 µs [30] and 2.6 ms [31], respectively. The decay in
Tm:YGG exhibits a weakly non-exponential shape with
x = 1.35, indicating that the coherence lifetime is limited
by spectral diffusion likely resulting from perturbations
due to interactions with fluctuating 69Ga and 71Ga nu-
clear spins in the host lattice. Since spectral diffusion
magnitude and dynamics depend on temperature, mag-
netic field strength and orientation, and perhaps even
crystal quality, we expect that optimization of the ma-
terial and experimental conditions could further increase
the coherence lifetime. The measured coherence lifetime
of 490 µs establishes the maximum storage time with
90% recall efficiency to be Tmem = 274 µs assuming
rectangular-shaped AFC teeth; in the multiplexed quan-
tum repeater architecture [5], this yields an elementary
fiber-link length of llink = 55 km – an encouraging result
[20, 21, 32]. However, additional studies of spectral diffu-
sion over millisecond timescales are needed to determine
the time-dependent decrease in coherence lifetime and
the resulting AFC storage times that may be achieved in
practice.
Conclusion– Our results suggest that Tm:YGG is the
first, or, at least, the first Tm3+-doped, material that
satisfies the stringent combination of requirements for
AFC-based broadband quantum memories needed for
the quantum repeater proposed by Sinclair et al. [5].
Among its many desirable properties, the convenient 795
nm wavelength and possibility for using the 3F4 bottle-
neck level for population storage distinguishes Tm:YGG
from other promising materials such as Pr3+:Y2SiO5 or
Eu3+:Y2SiO5. Furthermore, Tm:YGG features less spec-
tral diffusion and ISD than other Tm3+ materials such
as Tm:YAG [28]. Yet, more detailed measurements are
required to determine the material’s full potential, i.e. if
the properties can be further improved by using differ-
ent magnetic field orientations or optimizing the mate-
rial composition. For example, we expect that the inho-
mogeneous broadening may be readily increased to hun-
dreds of Gigahertz by introducing static crystal strain
by doping selected impurities – an approach that has
been successfully demonstrated for the related material
Tm:YAG [17] – increasing the number of 100 MHz-wide
spectral channels to well above 1000. However, detailed
studies of additional factors, such as time-dependent in-
creases in the homogeneous linewidth due to spectral
diffusion, must be performed to determine the material
capabilities for specific quantum memory implementa-
tions. In parallel, optical pumping strategies must be
optimized, e.g. by taking advantage of stimulated emis-
sion or spin-mixing to reduce the impact of population
trapped in the long-lived 3H4 state [33]. Furthermore,
technical developments such as laser stabilization and
embedding of Tm:YGG in impedance-matched cavities
must occur to create optical quantum memories that en-
able long-distance quantum communications via quan-
tum repeaters.
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